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Asian corn borer (Ostrinia furnacalis) is a serious pest of maize in the Philippines and elsewhere in Asia and the Pacific islands. Closely related to the European corn borer (Ostrinia nubilalis), this insect has several overlapping generations in the Philippines, and the damage to maize is caused by larvae feeding on stalks, ears, and shanks (1) . Yield losses of 4.8 to 30.9% were recorded (22) , although losses of 20 to 80% have been reported in extension literature (13) . An economic threshold of one larva per plant was established (16) . Control recommendations include early planting, detasseling, the use of insecticides and biological control agents (including Bacillus thuringiensis), partial resistance, and sanitation (1) . The most common insecticidal active ingredient for Asian corn borer control in the Philippines is carbofuran. Concerns about the safety and environmental impacts of these products have motivated research on biological and transgenic control methods. Bt maize with transgenic protection against lepidopteran insects was first tested in the Philippines in 1996. Hybrids expressing the Cry1Ab protein (YieldGard event MON810, Monsanto Co., St. Louis, MO) are highly resistant to Asian corn borer (7, 10) and have been commercially available in the Philippines since 2003 (12) .
Bacterial rot, caused by Erwinia chrysanthemi pv. zeae, was first reported in the Philippines in 1970 (3) and is now considered one of the most important maize diseases (15) , particularly in low-elevation maize-growing areas in the Philippines during the wet season planting. It is also a major disease of maize in many other tropical and subtropical countries. Incidences of 80 to 85% have been reported in India (1) . Infected plants may show any combination of the following symptoms: top rot, ear rot, root rot, and basal stalk rot (Fig. 1) , invariably resulting in plant mortality, barren or rotten ears, or decreased grain weight. The pathogen survives in crop residue, is spread by splashing water and insects, and infects plants primarily through wounds. The role of insects in the initial outbreak and subsequent spread of bacterial rot has been demonstrated. In India, maize borer larvae (Chilo partellus) were shown to transmit the bacterium, resulting in stalk rot symptoms (23) . In the Philippines, the involvement of Asian corn borer was demonstrated in an experiment where application of carbofuran reduced disease incidence and severity. The relationship was later confirmed in transmission experiments under screenhouse conditions (14) . Control recommendations for bacterial rot diseases include chemical treatment of irrigation water, avoiding excess nitrogen fertilization, and genetic resistance. Applications of calcium hydroxide or streptomycin to the crop also have been effective (1) . However, control of the disease is generally inadequate within its endemic range. With the recent introduction of Bt maize in the Philippines, primarily to control the Asian corn borer (Ostrinia furnacalis), it is hypothesized that the incidence of bacterial rot in areas prone to Asian corn borer infestation will be reduced through the use of Bt maize hybrids.
The purpose of this research was to compare the incidence of bacterial stalk and ear rot in Bt maize versus conventional maize under field conditions in different locations in the Philippines.
MATERIALS AND METHODS
Seven strip trials were conducted simul- In the Philippines and parts of Southeast Asia, Asian corn borer (Ostrinia furnacalis) is a serious pest of maize, and injury from this insect often is associated with the occurrence of bacterial stalk and ear rot (caused by Erwinia chrysanthemi pv. zeae). The effect of transgenic insect protection on the incidence of bacterial stalk and ear rot was studied in the Philippines with seven field trials in Mindanao and two trials in Laguna. Three transgenic hybrids (expressing Bt protein Cry1Ab) and their conventional near-isogenic counterparts were included in Mindanao, and one transgenic/conventional hybrid pair was used in Laguna (Los Banos). In the Mindanao trials, bacterial stalk rot was rated on a 1 to 9 scale approximately 2 weeks before harvest, while in Laguna, bacterial rot mortality and bacterial ear rot incidence were assessed 10 days before and at harvest, respectively. In all trials, the number of Asian corn borer tunnels was assessed by splitting stalks at harvest. Results of the trials showed significant differences between the transgenic hybrids and their conventional counterparts in terms of bacterial stalk and ear rot incidence, number of Asian corn borer tunnels, and yield. Transgenic hybrids invariably showed significantly lower bacterial stalk rot mortality and ear rot incidence, no Asian corn borer infestation, and higher yield compared with their conventional counterparts. Average yield advantage of transgenic hybrids ranged from 1.2 to 5.1 t/ha. Results confirm the important role of Asian corn borer in the initiation and spread of bacterial stalk and ear rot in maize; hence, the use of transgenic insect-resistant hybrids will have an added value in areas where this disease is prevalent.
June 2004. Weather during this period was typical of the region, with frequent rainfall during June (~265 mm), July (~420 mm), August (~486 mm), September (~330 mm), October (~271 mm), and November (~129 mm), and drier conditions in December (~75 mm) and January (~19 mm). Temperatures also were typical of this region, ranging between 20 and 25°C during the night and between 30 and 35°C during the day. Moist conditions during the rainy season typically promote the development of bacterial rot diseases caused by Erwinia chrysanthemi pv. zeae. Plots were evaluated for the effect of Bt hybrids on naturally occurring incidence of bacterial stalk and ear rot. In the strip trials, three commercial Pioneer conventional maize hybrids (designated as hybrids A, B, and C) together with their respective nearisogenic Bt counterparts expressing Cry1Ab (hybrids BtA, BtB, and BtC) were grown in cooperating farmers' fields in 10 to 20 rows of variable lengths, spaced 60 to 70 cm apart. Each hybrid was planted in a single plot at each location. Plant populations varied from 40,000 to 60,000 plants/ha. Recommended cultural practices for hybrid maize production were applied throughout the growing season, including fertilizer application, which varied with the location based on soil fertility analysis. Land was prepared by plowing once followed by one pass with a field harrow. Manual weed control was performed. Bacterial stalk rot mortality was rated approximately 2 weeks before harvest on a 1 to 9 scale developed by Pioneer for internal use (1 = 71 to 100% plants infected; 2 = 61 to 70%; 3 = 51 to 60%; 4 = 41 to 50%; 5 = 31 to 40%; 6 = 21 to 30%; 7 = 11 to 20%; 8 = 1 to 10%; 9 = no infection). Disease assessments were conducted on all plants in the inner eight rows of the center 20 m of each plot. At harvest, 10 consecutive plants per plot were sampled from one of the inner rows for the number and length of Asian corn borer tunnels. Yields (t/ha) were calculated from grain weight of the eight inner rows and adjusted to 14% moisture. Data from each of the seven locations were considered a replicate and were subjected to two-way analysis of variance to assess differences between Bt and conventional hybrids in terms of yield, Asian corn borer tunneling, and bacterial stalk rot.
In Los Banos, two experiments were conducted using another commercial Pioneer hybrid (designated hybrid D) and its Bt counterpart (hybrid BtD). Land was prepared by plowing once followed by one pass with a field harrow. Manual weed control was performed. Plant populations were thinned by hand to 60,000 plants/ha (approximately 22 cm within-row spacing). In the first experiment, three replications of four-row plots, each measuring 5 m long and spaced 0.75 m, were used following a randomized complete block design. There were three treatments: hybrid BtD, hybrid D + insecticide, and hybrid D without insecticide. Cypermethrin insecticide (Ammo 2.5 EC, Helena Chemical Co., Collierville, TN, USA) in a solution of 2 ml/liter of water was applied on the appropriate plots about 45 days after planting. The insecticide was applied with a 16-liter-capacity backpack sprayer, and each plot received approximately 0.5 liter of 
Yields (t/ha) were calculated from the grain weight of the two inner rows and adjusted to 14% moisture. Data were analyzed by two-way ANOVA for the effects of treatment on yield, Asian corn borer tunneling, bacterial stalk rot, and bacterial ear rot. Data met assumptions for ANOVA without transformation. A proprietary statistical software package was used.
RESULTS AND DISCUSSION
In Mindanao (Table 1) , bacterial stalk rot rating on the Bt hybrids ranged from 6 to 9 with an overall mean rating of 7.2; on the conventional hybrids the range was 3 to 6 with a mean of 4.9. No Asian corn borer tunneling was observed on the Bt hybrids in any of the locations, while the corresponding number of Asian corn borer tunnels on the conventional hybrids ranged from 1.7 to 9.3 tunnels per plant for an overall mean of 4.4 tunnels. Yield of the Bt hybrids ranged from 3.16 to 8.54 t/ha with an overall mean of 5.28 t/ha, whereas those of the conventional hybrids ranged from 1.92 to 7.15 t/ha and an overall mean of 4.07 t/ha. Mean yield advantages of the Bt hybrids hybrid BtA, hybrid BtB, and hybrid BtC over their conventional counterparts were 1.12 t/ha (27.9%), 1.17 t/ha (28.6%), and 1.31 t/ha (31.7%), respectively, or an overall mean yield advantage of 1.21 t/ha (29.4%). Southern rust (Puccinia polysora Underw.) and Diplodia leaf blight and ear rot (Stenocarpella macrospora (Earle) Sutton) were common in several locations at low severity that did not impact yield; incidence of these diseases did not differ between Bt and conventional hybrids.
In the first Los Banos experiment (Table  2 ), hybrid BtD was significantly different from its conventional counterpart (with or without insecticide treatment) in terms of number of Asian corn borer tunnels, percent plants showing root and stalk rot symptoms (Fig. 1) , and percentage of ears showing ear rot symptoms (Fig. 2) . No Asian corn borer tunneling was observed on hybrid BtD, whereas hybrid D+Ammo and hybrid D showed 4.5 and 3.8 tunnels per plant, respectively. The significant differences between hybrid BtD and hybrid D were reflected in significant yield differences ( Table 2 ). Yield of hybrid BtD was 6.86 t/ha, while yields of hybrid D+Ammo and hybrid D were 2.61 and 1.75 t/ha, respectively, a remarkable yield advantage of as much as 5.11 t/ha (292%) in favor of hybrid BtD over the untreated plots. Insecticide treatment did not provide effective control of Asian corn borer, although it first (A-C) and second (D-F) reps of the first experiment conducted at Los Banos. showed significant yield advantage over the untreated plots. In the second Los Banos experiment, there were also significant differences between hybrid BtD and its conventional counterpart (Fig. 3) , despite a minimal incidence of Asian corn borer infestation. Soil infestation or plant inoculation with E. chrysanthemi pv. zeae did not affect the results. No Asian corn borer infestation was observed on hybrid BtD, while hybrid D showed an average of 1.9 tunnels per plant. Percentages of plants showing bacterial root and stalk rot symptoms and ear rot symptoms were significantly lower for hybrid BtD than for hybrid D. Overall mean yields of hybrid BtD and hybrid D were 5.66 and 3.57 t/ha, a yield difference of 2.03 t/ha or 56.9% yield advantage in favor of hybrid BtD.
Incidence of the root rot phase of bacterial rot infection in Bt maize and its non-Bt counterpart did not differ (data not shown), which is expected because Asian corn borer infestation is confined to the upper parts of the plant.
The large yield reduction observed in the two experiments conducted in Los Banos can be attributed primarily to the extensive damage caused by E. chrysanthemi pv. zeae. Plants infected through the roots and stalks usually die prematurely, resulting in barren plants or poorly filled ears, while ear infection usually results in complete yield loss from direct destruction of the grain (Fig. 3) . The level of Asian corn borer infestation in the two experiments is considered light to moderate; based on regulatory trials conducted by Pioneer in the Philippines (2), yield advantage of Bt maize over its conventional counterpart due to Asian corn borer control alone does not usually exceed 15%.
Laysa (14) presented conclusive results that insects play a role in the initial outbreak and spread of bacterial stalk rot. Carbofuran applied at planting time and at 1 and 2 months after planting significantly reduced incidence of bacterial stalk rot compared with plots where no carbofuran was applied. In unprotected plants, stalk rot often occurred following Asian corn borer attack. It was demonstrated in subsequent experiments that wounds were necessary for bacterial rot infection and apparently served as primary sites for entry of the bacterium. Inoculation of the roots, stalks, young ears, and whorls by drenching with a bacterial suspension only resulted in infection when plants were injured prior to inoculation. Thind and Singh (23) also reported that maize borer acts as a carrier of E. chrysanthemi pv. zeae.
The results presented in this paper provide confirmation of the role played by insects, particularly Asian corn borer, in the development of bacterial stalk and ear rot of maize. Insects also act as vectors of other stalk and ear rot diseases of maize, such as European corn borer larvae and Fusarium species (21), corn earworm or southwestern corn borer, and Fusarium or Aspergillus spp. (5) . Insects may also predispose maize plants to infection by creating wounds that serve as entry points for pathogens. Many pathogens, particularly bacterial pathogens, require wounds to gain entry into the plant tissues, and many lepidopteran insects provide this requirement. Even when the larvae do not directly carry the fungi into the stalks, spores subsequently deposited on the wounded tissue are very likely to infect the plant (18) . Furthermore, insect injury to the leaves, roots, and stalks creates stress that predisposes the plants to root and stalk rot development.
This paper also adds to the evidence of secondary benefits of Bt transgenic maize through reductions in incidence or severity of certain maize diseases associated with insect injury. A number of researchers have demonstrated reductions in fungal ear rot diseases and their associated mycotoxins through the use of Bt maize (17) . In the United States, experiments have been conducted comparing disease and mycotoxin levels between Bt hybrids and "nearisogenic" conventional hybrids. Results of these studies have consistently demonstrated that hybrids with transgenic protection against lepidopteran pests have significantly lower incidence and severity of Fusarium ear rot and produce grain with lower fumonisin concentrations than their non-Bt counterparts (18) . Similar results have been obtained in studies conducted in Iowa, Illinois, Indiana, Kentucky, Pennsyl- vania, Georgia, Kansas, Alabama, Missouri, Tennessee, Nebraska, and North Carolina in the United States, and in Italy, Spain, France, Germany, and Argentina (4, 6, 9, 11, 19, 20) . Some field studies also have shown reduced kernel infection by Aspergillus flavus and lower aflatoxin concentrations in Bt hybrids compared with their non-Bt counterparts (24) . However, these reductions have been less dramatic and less consistent than those seen for fumonisins (18) . Under some conditions, stalk rot symptoms caused by fungal pathogens also were reduced in Bt hybrids compared with their conventional counterparts (8) . In the Philippines, the incidence of Fusarium ear rot and charcoal stalk rot was very much reduced in hybrid BtD compared with its conventional hybrid and other conventional hybrids (2) . In one regulatory field trial in Luzon where very severe infestation by Asian corn borer was observed, hybrid BtD (Bt) showed only 2.7% Fusarium ear rot, while the rest of the conventional hybrids, hybrid D, 30D44, 30P60, and C818, showed 27.8, 31, 33.7, and 45.2% incidence, respectively. In the same trial, hybrid BtD showed 21.8% charcoal stalk rot, while hybrid D showed 81.8%, and three other conventional hybrids showed 84.1, 65.7, and 73%, respectively (2). However, no difference in charcoal stalk rot incidence was observed in a postregulatory trial where Asian corn borer infestation was moderate (2); and in another study in the Philippines (4), fumonisin levels were similarly low in both Bt and conventional maize hybrids. These results suggest that stress due to insect damage must be high to predispose maize plants to charcoal rot infection and to promote high fumonisin levels in the Philippines.
In the Philippines, Bt maize was commercialized in December 2002 and is now planted on more than 50,000 hectares.
Considering the importance of bacterial stalk and ear rot in certain maize growing areas of the country (and other tropical maize growing areas), expanded use of the Bt maize and introduction of other Bt maize events in those areas where Asian corn borer infestation and bacterial rot incidence are common will provide an added value by reducing damage caused by the disease. 
